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We performed a systematic study on deiminated 
proteins present in rat epidermis. Proteins extracted 
from various epidermal samples were resolved by 
either one- or two-dimensional gel electrophoresis 
and Western blotted to nitrocellulose membranes. 
Deiminated proteins were detected by modification 
of citrulline residues followed by probing with an 
anti-modified citrulline monospecific antibody. The 
cornified layer of adult plantar skin gave multiple 
series of isoelectric variants, most of which were 
found to be differentially deiminated type II keratins 
(60 kDa, and 67 kDa or above). The whole epidermis 
of 5-day-old rat back skin showed isoelectric variants 
C itruUin. e is a unique amino acid that is not incorpo-r ated into proteins by the normal biosynth etic path-way. However, amino ac id analyses have indicated the presen ce of citrulline residues in insoluble pro-te in fi·actions of the hair medulla, th e inner root 
sheath of hair foUicl e, and the comified layers of epidermis [1] . 
Such citrulline residues are generated by enzymatic deimination of 
arginine residues (see Fig 1 and [1-5]) . The en zymes that catalyze 
this reaction are te rmed "peptidylarginine deiminases" (EC 
3.5.3.1 5) . They are distin ct from nitric oxide synth e tases, which 
convert free arginine to c itrulline during inte rmediary m etabolism. 
There are at least three types of peptidylarginine de iminases in 
mammalian tissues [5,6], all of which are known to show definite 
requirem ents for calcium ion. W e previously obtained one of the 
peptidyla rginine d e in"linases, a homogen eous en zym e preparation, 
fro m rat muscle [5] and d educed its entire amino acid sequence by 
eDNA cloning [7]. This type of en zym e, tentatively te rmed 
"muscle-type" or "type II, " has been detected in various tissues of 
rat and mouse [5 ,8] . The remaining two type s of enzymes were 
found in the e pidermis and the hair follicl e [2-6]. These two 
enzymes are probably responsible for generation of the dein1inated 
prote ins found in the relevant tissues, a lthough purification and 
eDNA cloning of these enzym es remain to be accomplished. 
Moreover, little information is available con cerning the properties 
and functional signiticance of the deiminated proteins . 
We h ave recently reported a sensitive method for the de tection 
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of 60-kDa keratin as major deiminated components, 
and deiminated 55-kDa keratin and deiminated filag-
grin as minor spots. In addition, we found highly 
deiminated proteins (200-220 kDa) thought to be 
derived from trichohyalin. The immunoreactivity of 
deiminated proteins was mainly localized in the 
granular and cornified layers of epidermis. Co-local-
ization of deiminated filaggrin and keratins in the 
granular layer suggests the possible role of protein 
deimination during the terminal stage of epidermal 
differentiation. Key words: kevatiuslfilaggritrltriclwlryalin. 
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of deimina ted proteins , which is applicable to both Western blots 
and histologic sections [9,10]. T his m ethod is based on ch emical 
modifi cation of citrulline residues followed by detection of the 
m o dified residues with a monospecific antibody. Because citru lline 
r esidu es are found in hair follicles and interfo!Jicular epidennis [1] , 
w e used this m e thod to study the properties and localization of 
de iminated protein s in rat skin. Our findin gs showed loca.lization of 
citrulline residues in the granular and cornified cells of epidermis as 
a result of the presence of d eiminated filaggrin and keratins. O ur 
findings will open a novel avenue by which to eli.1Jlore the 
interaction of k e ra tin s and their associated proteins during tl1e 
te rminal stages of epidermal diffe rentiation. 
MATERIALS AND METHODS 
Animals and Tissue Samples Wistar rats of both sexes were used. 
They were housed in an environmentally controlled room (22 ::!: 1 °C; lights 
on from 8:00 AM to 8:00 PM) with free access to food a.nd water. All 
operations were performed under pentobarbital anesthesia o r afi:er decapj-
tation. The cornified layer of the epidermis was stripped from the shaved 
back skin of 5-day-old rats using cy;moacryla te glue. T hat of adult (4 - 6 
months old) rats was obtajned after removal of hair by clippers and 
depilatory cream ("epilat"; Kanebo, Japan); that of the plantar skin was 
collected after brief washing with tap wa ter. T he whole epidermis was 
obtained from 5-day-old rat skin by the alkaline ;unmonjum chloride 
method ofBaU eta/ [11]under cooling with ice. Hair roots were obtained 
from plucked adult rat vibrissae. 
Purification of Filaggrht and Preparation of Rabbit Antiserum 
Purification offilaggrin from the whole epidem1is was performed by soruum 
tluocyanate extraction and diethylaminoethyl-Sephacel chromatography 
[1 2). Final purification was conducted by preparative sodium dodecylsul-
f.1te-polyacrylamide gel electrophoresis (SDS-PAGE). Purity of the fi nal 
preparation was assessed by ana lytic SDS-PAGE and amino acid analysis 
after hydrolysis with 6 N HCI at 110°C. A rabbi t was immmuzed with the 
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F igure 1. Conversion of protein arginine to citrulline b y peptidyl-
argininc dciminasc . 
puri fied fi laggrin in complete Freund 's adjuvant and boosted 3 weeks later 
with the sam e materi al. T he antiserum was co llected 3 weeks after 
adn1inistration of the booste r . 
Extraction of Proteins and IJnmunoblotting T iss ue sampll!s were 
l!Xtracted w ith 9.5 M urea (Ultra Pure; IC N .B ioche mica ls, Inc.) , 2'1o 
N onidet P-40, 2% Ampholines (pH 3.5- 1 0; Pharmacia LICE), and 5'Y.. 
2-mercaptoethanol [13 .1- Protein concentratio ns were estimated by the 
bicinchonini c acid metho d (1 4] after precipitation with 20% trichloroacetic 
acid. Bovine serum albumin was used as a standard. The extract was d ilu ted 
at least fivefo ld with 0.0625 M T ris-HCI, pH 6.8, 2% SDS , I 0% glycerol, 
and 5'X, 2-m ercaptocthmol[l5 J fo r SDS-PAGE, which was performed usin g 
90 X 70 X 1-mm slab plates conta ini ng 1 U% acrylamide :md 0.25'% N, 
N '-methylenebisacrylamide. Samples were not heated so as to avoid 
decomposition of u rea to ammonium cyanate. This is important because the 
cyanate io n carbam ylates protein lys ine res idues to form homocitrullinc 
residues, w hich yield artificial signa ls in the immunocherni ca l detection 
based on the ureide group reactio n. Som e samples were subjected to 
two-d imensional sepa ra tio n using nonequilibrium pH gradil!n t gel electro-
phoresis (pH 3 .5-10) iJ1 the first dimension [16]. Tota l pro te ins were 
visuali zed by sta ining w ith Amido Black 1 OB o r with 20 Sil ve r-Stain 11 
Da ii chi (Daiichi Pure C h emica l Co., Tokyo, Japan) . Altern ative ly, protl! ins 
were Western blottl!d to BA-S 85 m embrane (S & S, Dasse l, Germany). The 
blot was soaked in 0 : 1% ova lbumin in phosphate-bufFered saline for 15 min 
at roont tc n1pcraturc. It was b ri eRy rinsed with pure wate r and then soaked 
in 4'Y., paraformaldehydc in phosphate-buffered saline for ·15 min at room 
ternpc raturc. Such prc pnratory tncth ods w e re p crforn1 cd to itnprovc rete n-
tio n or de iminated filaggrin on the m embrane. C itru lline residues o n the 
blo t were modified by ovemight incubation at 37°C in 0.0125% FeCI3 , 2.3 
M H 2SO_., 1.5 M I-1 3 1'0 ,,, 0.25% diacetyl m onoxime, 0. 125% antipy.-inc , 
and 0.25 M acetic acid (modification medium) [9 J. T he blot was then 
incuba tl!d successive ly w ith anti-modifi ed citrulliow lgG (0. 125 1-'-g/ml) J9 ] 
and pe ro xidase-labe le d anti- rabb it lgG (Bio-Rad ; used at 5000-fold di lu-
tion) as described, except that skim mil k (5%) was used as a blocking 
reagen t [9 J. Chemiluminescence sig nals were detected on Kodak XAR fi lm 
using Rcnaissancl! (Dupont N EN) . Specifi city of the immunochemical 
de tection was confirmed by probing equ ivalent blots incuba ted in tlw 
n1 od ification n1 cdiun1 free of diacctyl n1onoxin1c, antipyrine , and acetic 
acid. 
[mmunoblo ttin g nf fi laggrin was perfo rm ed using the antise rum de-
scribed above after 2 00 ,000-fo ld di lu ti on . T hat of trichohya lin was pl!r-
formcd using a m o noclonal antibody to human tricho hya lin (AE IS; used at 
500-fold di lutio n) J'1 7] a nd peroxidase- labe led anti- m ouse lgG (13io-Rad; 
usl!d at 5000-fold di lution) . lm muno blo tting of kera tins was ca rried o ut 
with po lyclonal antibod ies to human keratins (kind ly providl!d by Dr. T .-T. 
Sun , New York University School of Ml!dicine; used at 200,000-fo ld 
d ilu tion) and '1-Conica lrnmunoswining Hlt.P-1000 (Seikagaku Corporati on , 
Tokyo, J apan). Electrop horetic pa ttcms were recoo·ded by a Macintosh 
compu ter using a hig h- perfonmonce charge-coupled device camera . Hard 
copies were obtained using a video printer. 
In1n1unohistochcmistry T iss ue b locks \·vc rc soaked overnig ht at 4°C in 
a Bouin H ollande Sub limate so lu tion ( 10% saturated HgCI2 in 2.5% cupri c 
acetate, 4% picri c acid , 4% pa rafonnaldehyde, and 1"/., acetic acid) . T hey 
we re the n soaked in 7 . s~x., 151X), and 301X, sucrose so lu tious successive ly ( I 
day for each) before embedding in O.C.T. compo und 4583 (Mil es Inc.) for 
cryoscctioning. Sections we re n1oun tcd o n gdarin-coatcd slides and post-
fixed for 15 mi n with 4% parafonnaldchyde and 2.5% glu ta raldehydl! in 
phosphate-buffered salin e to ensure tight ad herence to the slides. T hey we re 
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F igure 2. Effects of pre-treatment of blotte d membrane with 
ovalbumin and paraforn1aldehyde on retention of dciminated 
filaggrin. A crude fi laggrin fraction was obtained by sodium thioc)•anate 
extraction fo llowed by 0.2 N H C I extraclion. T he fil aggrin fra ction of 600 
1-'-g/ml in 0. 1 M T ris-1-I C I, pl-1 7.6, '10 mM C aC I,, and 5 mM dithiothrcitol 
was incubated w ith rat muscle peptidylarginine- deiminase (1 0 1-'-g/ ml) at 
3 7°C fo r 15 tuin. T he reactio n was tcnninatcd by hea tin g the n1ixture with 
the sample bufl-cr for SDS-PAGE. a) Total proteins visualized by direct 
Amido Black stai njng of the ge l; IJ) Western blotted for probing with 
anti-fi laggrin withou t pre-treatment witl1 ovalbumin and parafonnalde-
hyde; c) probed with anti-li laggrin after the pre-treatment; d) Westem 
blotted and incubated in the m odifi cation m edium w itho ut pre- treatment 
for detccLion of dciminated pro teins; e) pre-treated before incubation in the 
modification medium for detection of deiminated proteins. Laue I , molec-
ular-weight markers; laue 2 , unmodified filaggrin (3 1-'-g in a; 60 ng in b- e): 
laue 3, fiJaggrin pre-incubated with peptidyla rginio w dc iminase (3 1-1-g in a; 
60 ng in b-t') . Both unmodifi ed and deiminated fi laggrins arc fo und in the 
region m arked (r(~ht). 
then incubated in the mod ifo cation m edium at 37°C for 3 h , as described 
['I Ol Contro l sectio ns were incubated in the medium free of diacctyl 
n1 on ox.in1c, an t ipy rin e , and acetic ac id . ln1 n1unopcroxidase staining of 
deiminatcd pro teins was pe rformed witb the anti- m odif1ed citrulline lgG 
(0.1 25 IJ.g/ml) and a Vectastain ABC Eli te kit (Vector Laboratories) using 
3.3 1 -dian1inobcnzidinc as a chro n1ogcnic substra te. Sections for in1111Un o-
staining of fi laggrin were incubated w ith the anti serum (used at 400,000-
800,000- fo ld d ilu tion) with out post-fixation. Stained sl!ctions were coun-
te rstained w ith hcma tox)'lin . 
R ESULT S 
Purification of Filaggrin and Preparation o f Rabbit Anti-
serum Harding and Scott [1 8] su ggested poss ible d e imination of 
fi lagg•·in b ased on detectio n of eHJc itrulli ne in filaggrins derived 
from g uinea pig skin a nd human sca lp skin pre labe le d with 
CHJargin ine iu , ;,,o and in 11itro, resp ective ly. In this study, we 
attempte d to detect d e im.i n a te d fil aggrin directl y o n the W estern 
blot usin g purifi e d fi laggrin as a n a u t h e n t ic marke r. Initially we 
purifie d rat fi laggrin , w h.ich g ave a difFuse band (47- 48 kDa) in 
SDS- PAGE; subsequent amino ac id ana lysis resembled the compo-
sit io n d educed from th e e DNA seq u e n ce [19] (data not shown) . 
Furth e rm o re, upo n immun.iz i.n g a rabbit with the filaggrin fraction , 
we gen e rated an antiserum that reacted w it h profi lagg rin, fi laggrin , 
and their in term e diates on a W estern blot. Specific ity of the ' 
antiserum was furth e r verified using an a n tibo d y fraction affmit:y 
purified b y immunoabsor ptio n to filagg l'i.n o n t h e Western bl ot. 
Pre immune rabbit serum did not sh ow anti-filaggrin immunoreac-
tivity . 
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Figure 3. SDS-PAGE profiles of various rat epidermal proteins. Extracts obtained fro m vario us epidermal samples were resolved by SDS-PAGE. T he 
saJJle amotmts of proteins were applied to the same-numbered lanes . The amounts chosen were such that a reasonable reso lution of keratins was obtained 
in the sil ver- stained profiles. Tota l proteins were visualized by silver staining (n). Deiminatcd proteins (b), trichohyal.in (c), .filaggrin (d). and keratins (e) were 
detected after Western blotting, as described in the text. Ln11e "/ , molecula.r-wcight markers; ltme 2. cornified layer of 5-day-old rat back skin (2 .9 {J.g) ; ln11e 
3, cornifi ed layer of adult back skin (2 .6 J.L.g); ln11e 4, cornified layer of adult plantar skin (1.5 {J.g); la11e 5, whole epidermis of 5-day-old rat back skin (1 .8 
{J.g); laue 6, purified filaggrin as a reference (0.4 JLg) ; ln11c 7, hair roots (2.5 {J.g); ln11c 5*, overexposed la11e 5 (20 min instead of 5 min exposure); la11e 7*, 
underexposed /nne 7 (15 seconds instead of 5 min exposure). B/01 d was overexposed to visualize a band in la11es 2 and 3. 
Preparatory Steps to Improve Retention of Deiminated 
Filaggrin on Nitrocellulose Membrane In our cad y survey, 
we suspected that loss of deiminated filaggrin occurred during 
incubation of the blot in the modification medium . We later found 
that pre-treating the blotted m embrane with ovalbumin and 
paraformald ehyde improved the retention of deiminated filaggrin. 
The differences in retention are shown in Fig 2 using a partially 
purified filaggrin fraction before and after deimination i11 11itro with 
rat muscle pcptidylarginine dein1inase [5] . Filaggrin deimi.nated i11 
vitro migrated behind unmodified filaggrin with a trailing smear 
(Fig 2a) . T his finding was also apparent when deiminated .filaggrins 
were detected with the anti-filaggrin serum (Fig 2b). Incubation 
with higher concentrations of peptidylarginine deim.inase caused 
greater decreases in the m obility of deiminated filaggrins (data not 
shown). These data suggest progressive decreases in the mobility of 
filaggrins with increasing degrees of deimi.nation. T he pre-treat-
ment with ovalbumin and paraformaldehyde did not increase the 
signal intensity with standard immunoblotting of filaggrin (Fig 
2b,c). However, when the blots incubated in the modification 
medium were probed with anti-modified cin·ulline IgG, the pre-
treated blot showed a significantly stronger signal of fil aggrin 
de inunated in 11itro than the untreated blot (Fig 2d,e). T hese data 
suggest an improved retention of deiminated filaggrin on the 
pre-treated blot. No signal of deiminated .filaggrin could be de-
tected in urunodified fliaggrin at this loading. Strong signals in the 
upper gel region will be referred to below. 
Detection of Citrulline Residues in Keratins The SDS-
PAGE profiles of relevant epidermal samples obtained from at least 
five animals were indistinguishable. Total proteins of tl1e cornified 
layers of 5-day-old and adult rat skins showed similar profiles (Fig 
3a, lanes 2,3). Altho ugh their keratin profiles were also similar (Fig 
3e, lanes 2,3), their deiminated protein profiles differed m arkedly 
(Fig 3b, la~~es 2,3) . T he sample from adult rat sk.in gave no 
significant signals, whereas the sample fi·om infan t rat gave a major 
band (60 kDa) and a minor band (55 kDa), both of which reacted 
with anti-keratin antibodies . Another major band (200 - 220 kDa) 
and a few minor bands migratin g ahead are referred to below. The 
cornified layer of adult rat plantar skll1 showed a different total 
protein profile (Fig 3a, ln11e 4). There was an additional major band 
(67 kDa) that co-migrated with the slowest band of keratins (Fig 
3e, la11e 4). T lus sample gave multiple b ands of deiminated proteins 
in the keratin region (Fig 3b, lane 4). Ditlitse sign als in the upper 
portion of the lane were probably their aggregates . Whole epider-
nus of 5-day-old rat sk.in gave dem1inated protein and keratin 
proftles sin1ilar to those of the stripped cornified layers (Fig 3/J,e, 
ln11 es 2,5). A minor band (47-48 kDa) of deimin.ated protein was 
also noted (see below). Maj or silver-stained components in the hair 
root, which reacted weakly with anti-kera tin serum (Fig 3a,e, lane 
7), accounted for a minor fraction of the total deiminated proteins 
in the sample (Fig 311, la11 e 7*). 
To examine charge heterogeneity of deitninated keratins , we 
perfonned two-dimensio nal gel analyses using nonequilibrium pH 
gradien t gel electrophoresis in the first dimension . T he cornified 
layer of adult plantar sk.in gave multiple series of silver-stained 
spots, m ost of wluch reacted with anti-keratin antibodies (Fig 4a,c, 
an·oll'heads 1- 4) . Acidic vari ants of type II keratins were fottnd to be 
deiminated (Fig 4b) . T heir relative signal intensities increased as 
their mobilities to the cathode decreased , suggesting progressive 
deitnination of the original molecules. Their second-dimensional 
mobilities gradually decreased as their mobilities to the cathode 
decreased . Similar anomalous changes i.n the second-dim ensional 
mobility have been reported for highly carbam ylated proteins [20] . 
Another deiminated protein spot overlapped w ith a type I kera tin 
spot. T he whole epidermis of 5-day-old rat skin showed virtually 
no 67-kDa keratin (Fig 4d) . T his sample showed isoelectric variants 
of 60-kDa keratin as major deiminated components and a mJno.r 
spot of dciminated 55-kDa keratin (Fig 4e). 
Detection of Citrulline Residues in Filaggrin To detect 
deiminated filaggrin presumed to be present in the granular layer, 
we analyzed the w hole epiderm is of 5-day-old rat skin. Tlus 
sampl e gave a minor band (47-48 kDa) ofdeiminated protein (Fig 
3b, lm1es 5,5*). Tlus band co-migrated with authentic filaggrin and 
was found to be a major band in the total protein profile (Fig 3a, 
ln11 es 5,6). Upon probing with the anti-filaggrin serum, it gave a 
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Figure 4. Comparison of two-dimensional profiles of epidermal deiminated proteins with those of keratins and filaggrin . Samples were 
resolved by nonequilibrium pH g radient gel electrophoresis and SDS-PAGE in the first and second dimensions , respectively. Total proteins (a,d}, deiminated 
proteins (b,e) , keratins (c), and filaggrin (f) w ere visuaHzed as described in the text. a- c) Extract of the cornified layer of adult plantar skin (12 p.g); d-j) extract 
of the whole epidermis of5-day-old rat back skin (1 8 !Lg). Reference points shown (uumbered an·owheads) were obt.Uned by superimposing the immunoblotted 
images on XAR . ftlm with the original blots post-stained with Amido Black lOB. ln some cases , similar analyses were performed at an increased loading to 
obtain a post-st.Uned image at an increased intensity. Acidic type I keratins and neutral-basic type U keratins were distinguishable by their mobilities . T he 
reference points in d-J ( mmwlteads 3, 4) correspond to keratins that were identifi ed on equivalent blots. 
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very strong signal, indicating that it was filaggrin (Fig 3d, laue 5). 
Other signals were thought to represent high-molecular-weight 
profilaggrin, its processing intermediates, and partially degraded 
fi.laggrins. The stripped cornified layers of both infant and adult 
back skins showed a weak band of filaggrin, whereas no filaggrin 
immunoreactivity was found on the lane loaded with the stripped 
cornified layer of adult plantar skin (Fig 3d, laues 2-4). No filaggrin 
immunoreactivity was detected in the hair root (Fig 3d, lane 7) . 
In the two-dimensional analysis, deiminated filaggrin was de-
tected as a minor spot at the anodic corner of the major spot of 
silver-stained filaggri.n (Fig 4d,e, a1To111hearl 5). lmmunoblotting of 
filaggrin on equival.ent blots showed a major spot together with a 
chain ofless basic variants and partially degraded materials as minor 
spots (Fig 4]). The major immunoreactive spot coincided with the 
major silver-stained spot, both of which migrated faster to the 
cathode than the deiminated filaggrin (Fig 4d-j). However, d1e 
difference between the mobilities of these spots was relati vely small 
compared with those between dilferentially dein1inated keratins. 
These data suggest that deinlination occurs at limited numbers of 
arginine residues of a minor fraction of the total filaggrin in the 
infant rat epidermis . We also found that filaggrin deiminated iu11itro 
showed greater decreases in both the first- and second-dimensional 
mobilities (data not shown). A high-molecular-weight smear visu-
alized with the anti-filaggrin serum probably represents profilaggrin 
and its intermediates that were processed during the experimental 
manipulation. 
~ Detection of Citrulline Residues in High-Molecular-
Weight Deiminated Proteins The hair root sample gave a 
, 200 - 220-kDa band as a prominent deiminated protein, although 
the band was only faindy detected by silver staining (Fig 3a, laue 7 
versus Fig 3b, lane 7*). Tins suggests its deimination at multiple 
argitnne residues. This band migrated slightly behind trichohyalin 
(Fig 3c, lane 7). There were also a few minor bands of deiminated 
proteins migrating slightly ahead. Similar high-molecular-weight 
deiminated proteins found in the 5-day-old rat samples (Fig 3b, 
lanes 2,5) were probably of hair root origin. These high-molecular-
weight deiminated proteins gave strong signals near d1.e upper 
anodic comer of the two-dimensional blot (Fig 4c). They appeared 
to be composed of multiple spots whose second-dimensional 
mobilities decreased with decreasing mobilities to the cathode. 
These high-molecular-weight bands were also detected in the adult 
rat sample when the film was highly overexposed or when removal 
of the hair was less thorough (data not shown). Upon overexposure 
of the hair root sample, nearly the entire length of the lane was 
covered with a smear spreading from the prominent band (Fig 311, 
laue 7). This and the signal at the ionic front were thought to be 
degradation products of the 200-220-kDa component. A diffuse 
smear (100-140 kDa) found in the 5-day-old rat samples (Fig 311, 
laues 2,5) probably contained aggregated keratins and degraded 
high-molecular-weight materials. 
Inununolocalization of Deiminated Proteins in Rat Skin 
Filaggrin immunoreactivity was localized ,in the granular layer and 
the lower cornified layer of back skin obtained from 5-day-old rats 
and of plantar skin obtained from adult rats, respectively (Fig Sa,rl). 
Deiminated proteins were localized in the whole comified and 
granular cells of epidermis as well as the hair follicles of the infant 
rat back skin (Fig S/1). Less intense staining was also observed in the 
upper spinous layer. The whole cornified layer and some granular 
cells were stained in the adult plantar skin (Fig Sc). Control sections 
incubated in defective modification medium showed negative 
staining (Fig ScJ). Both the cornified layer and inner epidermal cell 
layer were poorly developed in the adult rat back skin, and staining 
of deiminated proteins was hardly observed except for that of the 
hair follicles (data not shown). 
DISCUSSION 
Evidence for the presence of protein-bound citrulline was provided 
by amino acid analyses of insoluble protein fractions of the inner 
root sheath of hair folLicle, the medulla of hair, and the cornified 
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layer of epidemns [1]. However, there is little detailed information 
on the biochenncal properties and immunocytochemical localiza-
tion of deiminated proteins containing citrulline residues. Altl10ugh 
Rogers and Harding [21] were able to stain dein1inated proteins in 
the hair medulla and the inner root sheath of the hair follicle wiili 
dimethylaminocuman1aldehyde, their method can be used only for 
transient microscopic exanll.nation, with linnted sensitivity. There-
fore, in tl:lls study, we used a highly sensitive method for ,ilie 
detection of deinnnated proteins that is based on chemical modifi-
cation of citrulline residues followed by detection of the modified 
residues with a monospecific antibody [9,10]. Note that it is 
unlikely that the signals observed on d1e blot represented the 
products of artificial carbamylation , because the samples extracted 
with SDS and 2-mercaptoethanol without using urea yielded 
virtually identical results in one-din1ensional analysis and because 
we did not observe any artificial signals in the two-dimensional 
analysis of various tissue extracts free of deiminated proteins. 
The present study has provided convincing evidence showing 
citrulline residues in keratins. Although there were virtually no 
deiminated proteins in adult rat back skin, there were multiple 
series of differentially deiminated keratins present in the connfied 
ce lls of highly stratified plantar epidernns and infant back epider-
mis. Because adult rat back skin lacks well- developed stratified 
epidermis, these data suggest the possible correlation of protein 
deimination with formation of the functional barrier in regions not 
efficiently protected by hair. Alternatively, it is possible tl1at 
hyperproliferation-related keratins (K6/K16), which are known to 
be ex'}Jressed u1 plantar epidemns and newborn epidern1is, but not 
in adult epidermis, may be specifically deuninated in rat epidennis. 
If tins is the case, proteu1 deimination might play an interesting role 
in the interaction ofK6/K16 keratins with other keratins as well as 
with theu· associated proteins. Identification of deiminated keratins 
in the human/mouse epidennis based on the keratin map is u1 
progress using antibodies against specific keratins. 
We a.! so detected highly deiminated 200 - 220-kDa proteu1S u1 
the hair root that migrated s.lightly behind trichohyaiin . Trichohya-
lin is a keratin-associated protein of the inner root sheath and 
medulla of the hair follicle [1 7 ,22-28]. This protein is rich in 
argin.ine residues, some of which are postulated to nndergo deimi-
nation to citrulline residues by the action of peptidylargitll.ne 
deiminase [1,2,21,29,30]. Deimination at multiple residues proba-
bly decreases the mobility of trichohyalin in SDS-PAGE, as is ilie 
case for deimu1ated fi.laggrin (Fig 2) ru1d deinnnated keratins (Fig 
4/1). Actually, the 200 - 220- kDa deiminated proteins showed de-
creasing second-dimensional mobilities with decreasing first-di-
mensional mobilities (Fig 4c). T herefore , it is possible that tl1ese 
deiminated proteins are products of deimination of tri.chohyalin. 
Tins assumption is consistent with the immunohistochemical local-
ization of deullinated proteins il1 the hair follicles (Fig Sb). 
Filaggrin is a keratin-associated protein in keratinized stratified 
epithelium [31-33] and is generated by cleavage of its high-
molecular-weight precursor (profilaggru1), in which multiple filag-
grin UJ:llts are joined by linker segments [34-37]. Using the simple 
method described above to improve retention of deiminated filag-
grin on the Westem blot, our present study showed that a certain 
fraction of the total filaggrit1 in the epidermis of infant rat back skin 
appeared to be deim.u1ated. Harding and Scott [1 8] reported 
deimination of ftlaggrin based on detection of labeled citrulline in 
skin samples pre-labeled with eHJarginine. These authors further 
proposed that deimination might facilitate the breakdown of filag-
grin to free rullino acids, which are tl10ught to be important for 
retention of moisture in the comified cells [38,39]. Deimination of 
specific argit1ine residues by tl1e peptidylargirnne deiminase reaction 
has been shown to alter the functional properties of intermediate 
filament proteins [40], glycogen phosphorylase [41], and caJ-
cu1Curin [42]. Loss of functional arginine residues of filaggrin 
probably has profow1d effects on its stability and its association with 
keratin intermediate filaments. Co-localization of deiminated filag-
grin , as well as deiminated keratins in the granular cells , suggests 
the possible role of protein deimination during the terminal stage of 
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Figure 5 . Immunocytochemical staining of deiminated proteins and filaggrin in rat skin sections. Cryosections of 5-day-old rat back skin (11-c) 
and adu lt rat plantar skin (d-)) were prepared for immunoperoxidase staiaing of deiminatcd prote ins and filaggrin. a, d) Stained with anti-filaggrin; b,e) 
post-ftxcd, incubated in the modifi ca tion m edium , and stained with anti-modified citru lline lgG as described in the text; c1f} treated similarly to b andfexccpt 
that diacetyl mo noximc, antipyrine, and acetic acid were omitted from the modifi cation m edium. C, stratum corneum; G, stratum granu.losum; S, stratwu 
spinosum . A n·ol/llrend, hair foll.iclc; dnsired liue, epidermal-dermal junction. Bar, 50 ,..un. 
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epidermal differentiation. Further studies are needed to elucidate 
the functional significance of protein deimination in skin . 
We tlln11k Dr. T. -T. S 1111 (Nt'll' }1ork U11i11t'rsit)• School of i\1edicill t') fo r his 
genero11 s Sll(l(lly of ril e rniJIJif polycltmnl n11til>tlfl)' to ll1111t n11 kcrnti11s. H7e also tlln~~k 
Dr. K . N 011111rn of 011r 111slit11tc for til e n111i11o acid n11nlysis. S 11pported in pm1 by 
G rnllf-iii-Ji irl 06833 01 2 .fimn til e Ministry cif Ed11cntio11, Scie11ce n11d C 11lt11re, 
jnpntt. 
1. 
2. 
3 . 
4. 
5. 
6 . 
7 . 
8. 
9. 
10. 
11. 
12. 
13 . 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
RE FERENCES 
R..o thnagcl JA, R ogers GE: C itruHinc in protein s fro m the cnzynwtic dc im inat ion 
o f arginine residues : In : Wa ld F. Mo lda vc K (cds.). J\lll!tl"'ds in Euz yuwlo.!! )', Vol. 
107. Acade mi c Press, O rlando. FL, 1984 , pp 624-63 1 
R ogers GE, 1-lordi.ng HWJ, Ll ewell yn-Smith IJ: The o rig in ofcitrullin c-contoin -
in g prote in s in the hair fOUiclc nnd the chem ica_) nature o f tricho hy:11in , an 
intracellul ar precurso r . Bio~:llim Diophrs A rt a 495: '159-175, I 1.)77 
Kubi lus J, W:1itkus R W. Baden HP: Partial purifi c;1tion ;md speci fi city of an 
arg inine-converting e nzym e from bov ine cpidcnnis. Bi,,rhim Bit1ph}'S A.cta 
6 15:246 - 25 1, 1980 
Fujisaki M , Sugawara K: Prope rti es of pcptidylargi n_in c dcimin:lsc from the 
e pide rmi s of new bo rn rar. J 13iorl>euc (Tokyo) 89:257- 263. 1981 
Watan:1be 1<. Akiy:una 1<. 1-Jikichi K , O htsuko1 H .. . O ku yama A. Sen )O hu T: 
Combined biochemic~JI cmd inHnunocyto~hemica l compari son o f pcptidylarg i-
nine dciminascs present in v;1rious tissues. lJiodlim J3ioJ1h)'S Jltta 966:375- 383, 
1988 
T e r:1ka wa H. Taka har:1 H . Sug:nva ra K: Three types o fpcptidylarg ininc dcimi-
nasc : characterizati o n :1nd t issue distribution . .J BiodH'IJI (Tokro) I I 0:(J6 1- 666, 
199 1 
Watanabe K, Scnshu T: Isolation :1nd char acteriza tion of eDNA clones en coding 
ra t ske leta l muscle pcpt·idyl;ug inine de iminase. J Bioi Clu:m 264: 15255-15260, 
'1989 
Tak:-~hara H. T suchida M , Kusubata M . Akutsu K, T:1gami S, Sugawara K: 
Peptidylarg inin e deiminase of tl1c m o use. Distribut iOII , properties. and immu-
nocytochemica l lo ca lization. J Bioi Clce111 264:13 36 1- 13368, 1989 
Senshu T, Sato T, Ino ue T, Ak.iyam:1 K, Asag01 H: Derection of citrulline residues 
in deimin:~tcd protei ns o n polyvin ylidcn c ditluo ridc mc mbr01 ne. A 11 al Biorlwm 
203 :94-JOO. 1992 
Asa g:-~ J-1 , Scnshu T : C ombin ed biochen1ical and immunocytochc mic<l l 01 nalyses o f 
postm ortem protein dcimination in the rat spinal cord. Cd/ Bic,f llll "17:525- 532. 
1993 
Ball R.D. Walke1· GK . .Bernstein lA: Histidine-rich pro ceins as m o lccul:u markers 
of epidermal difl'ercn ti:~tion. J Bic>i li r 111 253 :586 1-5868, 1978 
R csing KA , Wa lsh KA , Dn lc BA : Ide ntification of two in tcn11cdiarcs during 
processing of profal ;1ggri.n to fi laggrin in neonata l mo use epidermis. ) Cell Bioi 
99: 1372-1378, 1984 
O' J=arrc ll PH : High resolu tion rwo-dimewdo nal e lectroph oresis of proteins.) JJio/ 
C i"'"' 250: 4007- •1021. 1975 
Smith I'K, Krohn R.l, H e rmanso n GT, Mollia AK, G:~rtn er FH . Provenzano MD. 
Fujimoto .EK. Gocke NM. O lson 13J. K lenk D C : M easurcrue nt o r prote in usin g 
bicinchoninic acid. A twl Biilcll cllr 150:76-85. I 985 
Lae nunli UK: C leavage of stru ctural proteins during the :1ssc rnbly of the head o f 
bacterio phage T4 . N nt11rc 227:680 - 685, 1970 
O'Parrcll PZ. Goodman l-IM , o ~ Pa rrc ll PH : H igh resolution two-dimensio n;! ! 
electrophoresis of ba sic as well as acidic prorcins. Cd/ 12: I 133- 1 142. 1977 
o •Guin WM . Sun T-T. M.anabc M : Inte raction ortricho hy:tlin w ith inte rmcdi:ne 
filam ent: three immun ologica l.l y defined stages o f tricho hy;'l lin m aturatio n . j 
ltll>te< f Dl'mwtol 98: 24-32, 1992 
Harding Clt. Scott l it..: Histidine-ri ch pn)tcin s (filaggrins): stru ctur:t l and run c-
tional heterogen eity during epidermal diffe rentiation . } i\11<11 Bioi 170:651-673. 
1983 
Ha ydock PV , Dale J3A: Fi l:1ggr·iu . an illtCrmcdi:~tc fi lament- associated pro tein : 
structu.r:li and fun ctio nal implications fro m the sequence o f a eDNA fi·om r:Jt. 
DNA C ell /Jiol 9:25 1-26"1, "1990 
Anderson NL, Hickman UJ : An:1l yt ic<1l 1cchniqucs fo r ..:el l Cracd ons. XX IV. 
C ITRULLI NE ILES IDUES IN S KI N PROTEIN S 169 
lsoclectric point standards for rwo-d.i.me n sio nal elcctropl1 o rcsis. A 11 al Biorltem 
93:312- 320, 1979 
2 1. Rogers CE. Hardin g HWJ: Mo lccul :u mechanisms in the fo rmatio n of hair: In: 
l<obo ri T , Montagna W (cds.) . lw cnwtit1 tlf11 Symposium 011 Bic)logy aud Diseast: of 
rile Hair. U ni versity of Tokyo Press , Tokyo, 1976, pp 41 1-435 
22 . ll.othnagcl J A, R ogers GE: T rich oh ya l.in . ~1 n in tcnne diatc fi lame n r-assocbte d 
pro rc in of the hair fo lliclc . .J C c/113ioi ·I02: 1419-1429, 1986 
23. O'Keefe EJ , Hamilton EH, Lee S-C, Srcine rr 1': T ri ch o h yolin: a structura l protei n 
of lwi r. tongue. nail. and ep ide rmis. J i llfiCSt Dcmwrol 10 I :65S-71 S .. 1993 
24 . O'G uin W M. M:-~nabe M: T he role o f trichohy:~ Lin in hair fo llicle differen tiation 
and its expression in no n fo lli cular c pithclio. A 1111 NY ilrml Sri 642:51-63, 1992 
25 . M:uwbe M , O'G uin WM: Kcrato h ya l.in , tti c ho hyalin an d ke r:ltoh ya.lin-tricoh ya-
lin hybrid g r:mul cs: an overview. J Dcnn arol I 9:749 -755 , 1992 
26. H amil ton EH , Payne RE. O'Keefe EJ: Tric hohyalin: presence in the g ranulor 
h1 ycr and stratum corne um of no rm al hum;m epidermis. J lm't'ST Dcnuatol 
96:666-672. 199 1 
27. H amil ron EH . Sea lock R , Wall occ N R . O ' Keefe EJ: T richo hyolin : purificorio n 
from po rci ne tong ue epithelium and c ho rac tcrization of the na tive protein . J 
ill ll l'S f Drr111 nllll 98:881-889 . 1992 
28 . M anobe M, O'G uin WM: Ex istence o ftri cb o hya lin- kcratohyalin hybrid gran ules 
in non-fo llicul ar cpithcl.i:t: th e co-lo caJ.ization of two m njor in rcnncd iarc 
fi lame nt- associate d proteins. Dijf(:rt'lltiatioll 58:65-75. 1994 
29. Lee S-C. Kirn 1-G. Marckov LN. O'Kc<>fe EJ. Pan·y DA. Ste in ert PM: T he 
structure of hu man tdchoh yalin . Po re nti:~l mu ltiple ro les as a fim ction:tl 
EF- h 01 nd-likc ca lcium-bi nd_in g pro tein , a cornified cell en velope precursor , and 
an intermediate fi lamcnr-associated (cross-lin ki ng) prote in. J Bioi C lu•m 268: 
12 '164 -'12 176. 1993 
30. Fietz MJ, M cLa ughlan CJ , C:unpbc ll MT, Rogers GE: Anol ys is of th e sheep 
trid 1Dhyali 11 gene: poccntial struc tural an d ca lcium-binding ro les of rric!Johya-
lin in the hair fo llicle. ) Cc:l/13iol '12 '1:855-865. 1993 
3 1. Steine rr I'M , C antieri J S, Tell er D C , Lo nsdale- Eccles J D. Da le BA : C haracter-
ization o f a c l:!ss o f cationic proteins t h ~t specifically interact with inrcrmed iatc 
fi lame nts. l'ror N at( Acari Sci USA 78:4097-410 I. "198 1 
32. Lynley AM, D:1lc BA: C harac terization ofhum:~n epiderm al li laggrin. a histidinc-
rk h . kerati n fi lament aggregating pro tein. Biochim Bioph y~· Acta 744:28-45, 
1983 
33. Mmt:-~be M. S;mdtez M , Sun T-T. Da le BA : l.n rc racrion o ffilaggriu w ith keratin 
lililments during advanced stages of no rJ1l:\ l human cpidcrrna.l differe ntiation 
and in ich 1:hyosis vulgaris. D!ffi:rewimiou 48:43-50, .199 '1 
34. Scorr It t. 1-I:Jrdi.n g: C lt: Studies on the synthesis a.nd dcgradittion of a hi gh 
m o lcculnr weigh t histidine-rich p hosp1 topro tein fro m mammali:-~n cpidcnn is. 
13iarliilll l3iaJ1li)'s Arm 669:65-78. 1981 
35. M eek R.L. Lonsdal e-Eccles JD. O:l lc .BA: Epidcrnwl fi laggri n is synthesized on a 
l:~rgc m essenger ribon ucleic :~cid as :1 hig h- m o lecul ar-weight precursor. Bio-
clwllli.<fiJ' 22:4867-4 871, 1983 
36. H aydock PV , D:~ le 13A: T he repetitive structure of the profi laggrin gene as 
dcm o nstro ted using epidermal profi laggri n eDNA . J IJiol Che111 261: 12520-
12525, 1986 
37. R.o tllll agel J A, Me hrcl T, Id le r WW. llcoop D R. Ste inert PM : T he gene fo r 
m o use cpi derntal ti laggrin precursor . Its parth1l cl1~ractc ri z ation , expression, 
and seq uence of a repenting fal <t g:g:rin unit .J Bioi C ltcm 262: 15643-15648, 1987 
38. Scott IR, l-1 ;1rding C R , l3aJTett J G: Histidine-rich protein of the kera to hyal in 
g ranules. So urce of the fre e am ino aci ds. urocan ic acid and pyrrolidonc 
carhO:\]'lic :tcid in the s tr:~tum contc urn . BicJd1im Bi(}JIIty~· A cta 719:1 10 - 117. 
1982 
39. Scott IR.... Hardin g C R: l::i.laggrin breakdown ro water bindin g com pounds during: 
deve lopment of the rat strarum corn c u111 is conrroUe d by th e w:~ter activity of 
th e en viro nmcll t. Dn1 Bioi 115:84-92. 1986 
40. lnagoki M . Takohara 1-1 , Nish.i Y . Sugo·wara K, Sat:o C : c.," -dependent 
dci ntin:trion-i.nduccd disassentbly of intCJ"Jilccii:lte fi.l:lmcnts invo lves specifi c 
mod ifi catio n of the :nnino- tc rmi nal head dom ai n . J IJio/ Clwm 264:181 19-
18.127' 1989 
4 ·1. Siqu:m L. M:~ rtin BL, Sen shu T , Graves OJ : En zynuu:ic deimination o f g lycogen 
phosphoryb sc and a peptide of th e ph osphorylation site: ide ntif1cacion o f 
m odification and ro les in ph osph orylatio11 and acrivlry. A rch Biorhe111 Biopil rs 
318:362-369. 1995 
42. Imparl JM. Scnshu T , Gra ves OJ: Stud ies of calci.neur i.n-calmoduli11 intcr~1 ction : 
probing the ro le of arginine using pcpridylarg inin c dei.rnin asc. A rch Bit,rhclll 
IliiiJif>)•S 318:370-377. 1995 
